In the design and analysis of morphing wings, several sciences need to be integrated. This article tries to answer the question, "What is the most appropriate actuation mechanism to morph the wing profile?" by introducing the synthesis, analysis, and design of a novel scissor-structural mechanism (SSM) for the trailing edge of a morphing wing. The SSM, which is deployable, is created via a combination of various scissor-like elements (SLEs). In order to provide mobility requirements, a four-bar linkage (FBL) is assembled with the proposed SSM. The SSM is designed with a novel kinematic synthesis concept, so it follows the airfoil camber with minimum design error. In this concept, assuming a fully-compliant wing skin, various types of SLEs are assembled together, and emergent SSM provide the desired airfoil geometries. In order to provide the required aerodynamic efficiency of newly-created airfoil geometries and obtain pressure distribution over the airfoil, two-dimensional (2D) aerodynamic analyses have been conducted. The analyses show similar aerodynamic behavior with the desired NACA airfoils. By assigning the approximate link masses and mass centers, the dynamic force analysis of the mechanism has also been performed, and the required torque to drive the newly-developed SSM is estimated as feasible.
Introduction
Since the early ages, nature has been the main source of inspiration and imagination for humankind due to its grace, complexity, beauty, and mystery in order to solve complex engineering problems. For instance, the flight action varies according to different atmospheric conditions and desired flight paths as hovering, gliding, soaring, and flapping, which are not accomplished by aircraft, but actually by birds by changing their wings rapidly into various forms [1, 2] .
Researchers had a common sense that aircraft can achieve greater efficiency and productivity if they act like birds. In other words, the analogy with the dynamics of a bird wing requires that the morphing wings eliminate the conventional control surface effects in order to ensure that the flow remains smooth and to minimize the disruption of the surface dislocations and reduce the formation of vortices caused by lift-induced drag [3] . Because of the latest advances in materials science, actuation mechanisms, and structural and manufacturing technologies, the "morphing technology" allows aircraft to use a wide range of wing configurations in flight. First of all, a morphing wing will produce optimum aerodynamic performance over the operational envelope of an aircraft and expand its operating envelope [4, 5] . Moreover, by replacing the conventional surfaces with morphing surfaces, the fight control and maneuverability can be improved [6, 7] . In addition to the efficient cruise and aggressive maneuvers, the flight range will increase, which will reduce the operational costs by significant fuel savings due to the reduced drag and enhanced thrust generated [8] . Lastly, the use of morphing wings will be expected to play an important role in vibration reduction and will give the opportunity to control flutter, which will significantly improve the comfort and safety and reduce fatigue.
Studies related to the morphing wing can be classified in terms of dimensions that undergo substantial changes such as: planform alternation, airfoil adjustment, and out-of-plane transformation [9] . In the planform alternation, the aircraft wing is aimed at being altered in terms of the span change, the chord-length change, and the sweep-angle change. In the airfoil adjustment category, resizing the thickness and changing the camber-rate of the airfoil is the main purpose. In the out-of-plane transformation, the span-wise and chord-wise bending with wing twisting are intended to be applied [2, 9] . It is widely known that the camber of an airfoil has a significant impact on the aerodynamic forces generated under fluid flow [10, 11] . Therefore, it is believed that the most effective way to control the forces and moments that occur on aircraft wings is to change the camber-rate of the airfoil [12] .
Although the study of the morphing wings requires the simultaneous application of several sciences, researchers have work in specific research areas in order to develop new technologies [13] . Hence, in this article, only the kinematic synthesis of an actuation mechanism, which morphs the trailing edge of an aircraft wing, is extensively investigated. It is assumed that the wing has a compliant skin; therefore, it can undergo any desired displacement.
Starting from the first controlled flight by the Wright brothers, several researchers have proposed the camber/decamber alteration systems for the aircraft wing and control surfaces [14] [15] [16] [17] [18] [19] . More recently in 1999, Monner et al. [20] proposed a flexible flap system for an adaptive wing, which varies both in a chordwise and a spanwise differential camber during flight. In 2004, Bartley-Cho et al. [21] addressed the development of smart technologies and the demonstration of the high-rate actuation of hingeless, spanwise, and chordwise deformable control surfaces using a smart material-based actuator in order to improve the aerodynamic performance of a military aircraft. In 2005, Campanile and Anders [22] presented the "belt-rib concept" for variable-camber airfoils, which was developed at DLR (German Aerospace Centre) in the framework of the Adaptive Wing project (in German: Adaptiver Flügel-ADIF). In that concept, instead of using articulated mechanisms, the belt-rib concept is implanted, which can be actuated by piezoceramics or shape memory alloys. In 2009, Marques et al. [23] suggested a variable camber flap concept, which resulted in significant drag reduction and energy savings compared to conventional flaps. In 2011, Vos and Barrett [24] used a pressure-adaptive honeycomb in the design of the trailing edge of a morphing wing. In 2016, Takahashi et al. [25] developed a variable-camber morphing wing composed of corrugated structures. In 2016, Pecora et al. [26] presented a novel wing flap, which enables bi-modal airfoil camber morphing. In 2017, Wu et al. [27] presented a morphing carbon fiber composite airfoil concept with an active trailing edge, which is enabled by an innovative structure driven by an electrical actuation system that uses linear ultrasonic motors (LUSM) with compliant runners.
One of the most effective methods of meeting the large-scale rapid change needs is to use deployable structures often called "structural mechanisms" [28] , since they behave as mechanisms during the conversion process and resist loads when they are fixed [29, 30] . The deployable structures have been widely surveyed and utilized in ordinary mechanical engineering [31] , for example in complex space missions [32] , small-scale structural applications [33] , covering of swimming pools [34] , bridge systems [35] , and aerospace applications [36] .
The most popular deployable structure is the scissor-structural mechanism (SSM), which is based on a scissor-like element (SLE), because they show effective performance by providing significant volume expansion, easy, and quick assembling/disassembling, requiring minimal damage to structural components during working [37] . With those advantages, for morphing wings, which require a large alteration of the skin and the body, the usage of SSMs can be a powerful solution.
Therefore, in this article, the synthesis, analysis, and design of SSMs, which consist of several types of SLEs for the trailing edge of a morphing wing, have been attempted, and it is shown that the SSMs reduce the actuation mechanisms' complexity, produce good aerodynamic performance and require feasible torque.
Materials and Methods
This section details the theory behind the newly-developed actuation mechanism for the morphing of the trailing edge.
Scissor-Structural Mechanisms

Terms and Definitions
An SLE, also known as a pantograph or scissor-hinge unit, is a special type of kinematic element that is formed by two or more bars hinged together by a kinematic pair, often a revolute joint ("scissor-hinge") [38] .
In Figure 1 , the most basic form of an SLE is shown. In that, two straight bars are assembled to each other with a revolute joint. This location can be called the "pivot". In the same figure, end nodes, where an SLE can be assembled to another one, are shown as "hinge". The portion of a straight bar from the pivot to the hinges is called a "section". SLEs are distinguished by imaginary lines that go through the hinge locations, which are called "t-lines".
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In Figure 1 , the most basic form of an SLE is shown. In that, two straight bars are assembled to each other with a revolute joint. This location can be called the "pivot". In the same figure, end nodes, where an SLE can be assembled to another one, are shown as "hinge". The portion of a straight bar from the pivot to the hinges is called a "section". SLEs are distinguished by imaginary lines that go through the hinge locations, which are called "t-lines". 
Typology of Scissor-Like Elements
SLEs have imaginary lines that go through the joint locations where an SLE can be assembled to another one (i.e., hinges) [39] . Calling those imaginary lines "t-lines", the group of "translational SLEs" covers the elements for which t-lines remain parallel throughout the deployment process. If the t-lines do not remain parallel throughout the deployment process, then this type of SLE is called "polar SLEs" or "curvilinear SLEs".
The difference between translational and polar SLEs can be revealed by a single quantity, which is the difference of the section ratios of bars from the SLEs. For example, let ( + 1) and ( + 1) be the lengths of the straight bars where and determine the eccentricity of the hinge location. If = ', the SLE becomes a translational SLE; whereas, if ≠ ', the SLE becomes a polar SLE. Figure 2 illustrates both translational and polar SLEs.
The common property of SLEs is the inverse-proportion of the thickness and the width. It is clearly seen that, by changing the type of SLE, such an inverse relation can take a complex form, which is used to stretch/shrink/bend any geometry in any direction. This relation can be brought out 
The difference between translational and polar SLEs can be revealed by a single quantity, which is the difference of the section ratios of bars from the SLEs. For example, let l(k + 1) and l (k + 1) be the lengths of the straight bars where k and k determine the eccentricity of the hinge location. If k = k , the SLE becomes a translational SLE; whereas, if k = k , the SLE becomes a polar SLE. Figure 2 illustrates both translational and polar SLEs.
The common property of SLEs is the inverse-proportion of the thickness and the width. It is clearly seen that, by changing the type of SLE, such an inverse relation can take a complex form, which is used to stretch/shrink/bend any geometry in any direction. This relation can be brought out by defining a "foldability vector", which connects the midpoints of consecutive thicknesses. The detailed derivation of the foldability vector for each type of SLE can be found in [40, 41] . by defining a "foldability vector", which connects the midpoints of consecutive thicknesses. The detailed derivation of the foldability vector for each type of SLE can be found in [40, 41] . 
Kinematic Analysis of Scissor-Structural Mechanisms
In order to find out the kinematic capability of the designed mechanism where the resulting velocities and accelerations will be used in order to determine the inertial forces and compute the required torque to drive the mechanism, the kinematic analysis of a mechanism is required.
Mobility of Scissor-Structural Mechanisms
The mobility of an SSM can be defined as the number of input parameters (prime movers or actuators) that must be independently controlled to bring the mechanism into a desired position. It is also called as the degree-of-freedom (DOF) of a mechanism [42] . It is possible to calculate the mobility of the mechanism by directly counting the number of links and joints considering the types of mechanism, links, and joints through Chebyshev-Grübler-Kutzbach's formula. The Chebyshev-Grübler-Kutzbach's criterion is given as [43] :
In Equation (1), represents the space in which the mechanism works. = 3 for planar and spherical mechanisms, while = 6 for spatial mechanisms.
is the DOF of the mechanism, the total number of links, the total number of joints, and the independent DOF of the joint. For the proposed planar SSM, which consists of translational or polar SLEs of any kind, = 3, mobility can be calculated as: = 3(2 + 1 − 3 − 1) + 3 = 0. If one of the fixed joints is set free, then mobility becomes = 2.
According to these results, the proposed SSM cannot move (behaves as a structure) or needs two actuators to deploy; therefore, in order to obtain a single-DOF mechanism, one needs an additional input linkage system. Hence, an additional planar four-bar linkage (FBL), which was developed in [44] , is assumed to be attached to manipulate the whole planar SSM. Figure 3 represents the geometric representation of a generic planar SSM. In Figure 3 , and are two straight bars that form the SLE of the SSM. , and , represent section lengths, and and represent the orientations about the global coordinates of those straight bars, respectively. When another SLE is attached to the SLE and letting the ( + 1) SLE, there occurs a closed-loop , which is a "quadrilateral". This closed-loop can be expressed in complex notation as: 
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In Equation (1), λ represents the space in which the mechanism works. λ = 3 for planar and spherical mechanisms, while λ = 6 for spatial mechanisms. M is the DOF of the mechanism, n l the total number of links, n j the total number of joints, and f i the independent DOF of the ith joint.
For the proposed planar SSM, which consists of N translational or polar SLEs of any kind, λ = 3, mobility can be calculated as:
If one of the fixed joints is set free, then mobility becomes M = 2.
According to these results, the proposed SSM cannot move (behaves as a structure) or needs two actuators to deploy; therefore, in order to obtain a single-DOF mechanism, one needs an additional input linkage system. Hence, an additional planar four-bar linkage (FBL), which was developed in [44] , is assumed to be attached to manipulate the whole planar SSM. Figure 3 represents the geometric representation of a generic planar SSM. In Figure 3 , C j E j+1 and E j C j+1 are two straight bars that form the jth SLE of the SSM. l j , k j l j and l j , k j l j represent section lengths, and γ j and γ j represent the orientations about the global coordinates of those straight bars, respectively. When another SLE is attached to the jth SLE and letting the (j + 1)th SLE, there occurs a closed-loop D j C j+1 D j+1 E j+1 , which is a "quadrilateral". This closed-loop can be expressed in complex notation as: k j l j e iγ j + l j+1 e iγ j+1 = k j l j e iγ j + l j+1 e iγ j+1 ,
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If the orientation angles of the SLE ( and ) are known, Equation (2) can be solved.
Assuming angle varies, then multiplying both sides of Equation (2) with gives an equation in terms of ≡ − , ≡ − and ≡ − :
In Equation (3), angle can also be eliminated by using trigonometric identities. Hence, the resulting equation takes the form of the well-known Freudenstein equation when Euler's identity is applied:
where the Freudenstein parameters ( , , ) are:
Equation (4) gives an implicit relation between the position variables and . This equation can be solved by applying half-tangent representation of the sine and cosine function in terms of unknown , which gives a quadratic equation in terms of ≡ tan .
Since from the designed FBL, the first orientation angles and are known, the other orientation angles, and can be calculated through Equation (4). Hence, position vectors of all joints can be written in complex form as:
The details of the theory and the extensive steps of the derivation can be found in [41] .
Velocity and Acceleration Analysis of Scissor-Structural Mechanisms
In order to conduct a velocity and acceleration analysis, one first assumes that the angular velocity and acceleration of one of the links of the first SLE is prescribed (i.e., , ), then velocities and accelerations of the whole system can be calculated. The angular velocities and accelerations of the SSM can be determined by taking time derivatives of Equation (3) and writing the equations in matrix form [45] .
Angular velocities can be determined as: If the orientation angles of the j th SLE (γ j and γ j ) are known, Equation (2) can be solved. Assuming angle γ j varies, then multiplying both sides of Equation (2) with e −iγ j gives an equation in terms of
In Equation (3), angle µ j+1 can also be eliminated by using trigonometric identities. Hence, the resulting equation takes the form of the well-known Freudenstein equation when Euler's identity is applied:
where the Freudenstein parameters (p 1 ,p 2 ,p 3 ) are:
Equation (4) gives an implicit relation between the position variables ϕ j and µ j+1 . This equation can be solved by applying half-tangent representation of the sine and cosine function in terms of unknown µ j+1 , which gives a quadratic equation in terms of T ≡ tan µ j+1 2 .
Since from the designed FBL, the first orientation angles γ 1 and γ 1 are known, the other orientation angles, γ j N 2 and γ j N 2 can be calculated through Equation (4). Hence, position vectors of all joints can be written in complex form as:
In order to conduct a velocity and acceleration analysis, one first assumes that the angular velocity and acceleration of one of the links of the first SLE is prescribed (i.e., . γ 1 , .. γ 1 ), then velocities and accelerations of the whole system can be calculated. The angular velocities and accelerations of the SSM can be determined by taking time derivatives of Equation (3) and writing the equations in matrix form [45] . Angular velocities can be determined as:
where [A] is known as the "characteristic matrix", .
µ is the unknown angular velocity column matrix, and {B v } is the known column matrix. The details of these matrices are given in Equations (8)- (10) .
{B v } ≡ k j l j cos ϕ j k j l j sin ϕ j ,
Since angular velocity can be determined by solving Equation (7) for every SLE separately. Hence, the velocities of all joints can be written in complex form as:
Similarly, the angular accelerations can be determined as:
..
where the characteristic matrix [A] is the same as Equation (8).
µ is an unknown angular acceleration column matrix, and {B a } is the known column matrix, which are:
Since angular acceleration .. , can be determined by solving Equation (12) for every SLE separately. Hence, accelerations of all joints can be written in complex form as:
The details of the theory and the extensive steps of the derivation can be found in [41, 46] . 
Aerodynamic Analysis of the Surfaces Formed by Scissor-Structural Mechanisms
In order to conduct an aerodynamic analysis for the surfaces formed by the SSM, the panel method is selected. It is widely known that the panel method provides solutions for linear, inviscid, irrotational flows around solid surfaces, which are subjected to subsonic speeds. The solution algorithm employs panels in order to construct the solid interfaces with vortices and sources inducing a velocity field around the body. The corresponding pressure distribution is calculated by using the tangential velocity components distributed over the surface, which also leads to the lift and drag forces by the integration of the pressure distribution over the airfoil contour. During the analysis, the computer program XFOIL (namely XFRL5) is utilized. Throughout the solutions performed using XFOIL, with n panel = 200 panels assigned over the airfoil, the iteration number is limited to n iter = 100, which is accompanied with a root-mean-square (RMS) tolerance of tol = 10 −4 for convergence. Angle-of-attack (AoA) values higher than α = 15 • and lower than α = −5 • were avoided. The detailed information about aerodynamic analysis can be found in [41, 47] .
Dynamic Force Analysis of Scissor-Structural Mechanisms
If inertial forces and moments are considered in the dynamic analysis of the mechanism, the analysis is called as the "dynamic force analysis". In order to determine the dynamic characteristics of the whole SSM, deriving the equations of one generic SLE is sufficient.
In the dynamic force analysis problem, in order to determine inertial forces and moments, arbitrary locations of the mass centers should be defined. The representation of arbitrary locations of mass centers of a generic SLE is given in Figure 4 . = 100 , which is accompanied with a root-mean-square (RMS) tolerance of = 10 for convergence. Angle-of-attack (AoA) values higher than = 15° and lower than = −5° were avoided. The detailed information about aerodynamic analysis can be found in [41, 47] .
In the dynamic force analysis problem, in order to determine inertial forces and moments, arbitrary locations of the mass centers should be defined. The representation of arbitrary locations of mass centers of a generic SLE is given in Figure 4 . In Figure 4 , and represent the mass centers of links that construct an SLE; , and , represent the position vectors of the mass centers and the angles between the corresponding link and the mass center vector of that corresponding link, respectively. Figure 5a shows the internal and external forces and moments on a generic SLE, while Figure 5b shows inertial forces and moments of the same element: In Figure 4 , G j and G j represent the mass centers of links that construct an SLE; l g j , l g j and δ j , δ j represent the position vectors of the mass centers and the angles between the corresponding link and the mass center vector of that corresponding link, respectively. Figure 5a shows the internal and external forces and moments on a generic SLE, while Figure 5b shows inertial forces and moments of the same element.
In order to determine the characteristic of the whole SSM, the system of equations represented in Equation (16) should be constructed and solved for every SLE separately. The equation system can be solved analytically with the information of SSMs having free ends; specifically, two hinges of the Nth SLE do not carry loads (i.e.,
. Therefore, internal forces on the other hinges can be calculated by solving Equation (16) starting from the Nth SLE to the first SLE (in the opposite direction of the kinematic analysis). Dynamic force analysis can be achieved by solving Equation (16) at different time steps. The details of the theory and the extensive steps of the derivation can be found in [41, 48] . where { f } is the column matrix, which contains unmown internal forces:
Using trigonometric identities, the matrix A f can be constituted as:
where s(x) ≡ sin(x) and c(x) ≡ cos(x).
In the dynamic force analysis problem, in order to determine inertial forces and moments, arbitrary locations of the mass centers should be defined. The representation of arbitrary locations of mass centers of a generic SLE is given in Figure 4 . In Figure 4 , and represent the mass centers of links that construct an SLE; , and , represent the position vectors of the mass centers and the angles between the corresponding link and the mass center vector of that corresponding link, respectively. Figure 5a shows the internal and external forces and moments on a generic SLE, while Figure 5b shows inertial forces and moments of the same element: In order to determine the characteristic of the whole SSM, the system of equations represented in Equation (16) should be constructed and solved for every SLE separately. The equation system can be solved analytically with the information of SSMs having free ends; specifically, two hinges of the SLE do not carry loads (i.e., = = 0 ). Therefore, internal forces on the other hinges can be calculated by solving Equation (16) The known column matrix B f can be constituted as:
In Equations (18) and (19),
→ g E j+1 represent vectors from the mass centers to the hinges and the pivot. These vectors and their orientations can be defined as: → g D j ≡ l g j e i(γ j +δ j ) − l j e iγ j and η D j ≡ arg → g D j , → g C j+1 ≡ l g j e i(γ j +δ j ) − l j k j + 1 e iγ j and η C j+1 ≡ arg → g C j+1 , → g D j ≡ l g j e i(γ j +δ j ) − l j e iγ j and η D j ≡ arg → g D j , → g E j+1 ≡ l g j e i(γ j +δ j ) − l j k j + 1 e iγ j and η E j+1 ≡ arg
After the calculation of all internal forces and moments, the required driving torque of the SSM can be determined accordingly. Equation (19) considers the internal forces and externally-applied Aerospace 2018, 5, 127 9 of 20 pressure forces, as well. Hence, it is suitable for the case where the aerodynamic effects are also taken into the consideration. In Equation (19), F's denote the internal forces, and P's stand for the external forces due to the pressure; therefore, the same equation can also be used for the dynamic force analysis of the SSM in vacuo by simply assigning P's equal to zero.
Synthesis and Design of Scissor-Structural Mechanisms
Any planar SSM constructed by using the proposed translational and polar SLEs can generate three different 2D curves. As can be seen from Figure 6 , those three curves are assumed to pass through joint locations C j With the power of the computer, the above design procedure can be expedited by perturbing the design parameters. The obtained SSMs can be compared by their errors, and the final SSM that best matches both the baseline and target curves can be selected [41, 46] . Such a type of error, which originates in the design, is named "design error" and can be defined as:
where in Equation (21), is the shortest distance from the newest joint locations of SLE to the target curves and is the characteristic dimension selected to reveal the percentage error.
Since all errors are lengths, so positive { } ≥ 0 , the mean error can be calculated as:
which is the only parameter to compare different candidate SSMs with each other and select the best one, which has the minimum mean design error. In this study, the theoretical parts explained so far are written in METU-licensed MATLAB software [49] . The flowchart of the complete developed computer-routine is given in Appendix A.
Results
This section presents the various results of the study.
Scissor-Structural Mechanism for the Trailing Edge of a Morphing Wing
In the study, the chord length of the airfoil was taken as 0.6 m, and the rear spar of the wing was taken at 60% of the chord length, similar to [41, 50] . In this paper, the actuator, which was an FBL and was intended to drive the whole SSM, was located in the torque box of the UAV wing. The FBL was assumed to be attached to the SSM and drive the SSM from the first SLE that was the closest one to the rear spar.
In Figure 7a , the SSM with = 6 SLEs is considered. The baseline airfoil was NACA 4412, and the target airfoil was NACA 8412. In this case, mean t-line orientation angle was determined as a hundred and ten degrees, ̅ = 110°. All SLEs were chosen as the type of polar-SLE with constant { } = 4°. Segmentation was done linearly for simplicity (the width of each SLE was equal). Then, when the anchor-link was rotated Δ = 22.5° in the clockwise direction, the designed SSM It is convenient to start the design with the selection of the total number of used SLEs (N). By segmentation, "baseline curves", which characterize the original structure, and "target curves", which is the morphed form of the structure, can be analyzed to find the correct number of used SLE.
With the power of the computer, the above design procedure can be expedited by perturbing the design parameters. The obtained SSMs can be compared by their errors, and the final SSM that best matches both the baseline and target curves can be selected [41, 46] . Such a type of error, which originates in the design, is named "design error" and can be defined as:
where in Equation (21), d j is the shortest distance from the newest joint locations of j th SLE to the target curves and s is the characteristic dimension selected to reveal the percentage error.
Since all errors are lengths, so positive err j N 1 ≥ 0 , the mean error can be calculated as:
Results
Scissor-Structural Mechanism for the Trailing Edge of a Morphing Wing
In Figure 7a , the SSM with N = 6 SLEs is considered. The baseline airfoil was NACA 4412, and the target airfoil was NACA 8412. In this case, mean t-line orientation angle was determined as a hundred and ten degrees, θ = 110 • . All SLEs were chosen as the type of polar-SLE with constant ψ j N 1 = 4 • . Segmentation was done linearly for simplicity (the width of each SLE was equal). Then, when the anchor-link was rotated ∆φ = 22.5 • in the clockwise direction, the designed SSM generated the NACA 8412 geometry with 0.11% mean design error. This study assumed that the wing skin was composed of a fully-compliant material, which followed any prescribed motion during the morphing. Such a wing concept, which was enhanced by the SSM, required the segmentation or discretization of the wing skin in the chordwise direction. Each wing skin segment corresponded to a particular SLE and changed its position and orientation together with the movement of that SLE. Hence, each skin segment could be considered as comprised of two different portions. The hinges of SLEs were assumed to be attached to the wing skin from the rigid portion of the skin segment, whereas those rigid portions were combined together with a hyperelastic portion. Therefore, the wing skin could be formed as a sequence of rigid and hyper-elastic portions successively.
This study only considered the development of an internal actuation mechanism. However, in order to predict the characteristic of the required surface material, displacements of the wing segments which were in between two consecutive SLEs were also considered. Figure 8a gives the first pose of the SSM with = 6 SLEs, which stretched the wing skin or produced elongation with a magnitude of at most 3.5% when it morphed the wing profile into NACA 8412; whereas, Figure 8b gives the second pose of the SSM, which stretched the wing skin with a magnitude of at most 1.5% when it morphed the wing profile into NACA 2412.
SSMs can affect the wing skin by stretching or shrinking the hyper-elastic portion of the wing skin segment. In order to avoid any slack of the hyper-elastic portion, the whole wing skin should be in tension. Moreover, due to structural concerns, such extensions should be small enough. As seen As seen from Figure 7b , if the anchor-link was rotated in the counter-clockwise sense from the baseline airfoil of NACA 4412, the mechanism also added the decamber property to the aircraft wing. The same SSM with N = 6 SLEs could eventually generate the NACA 2412 profile with 0.125% mean design error.
This study assumed that the wing skin was composed of a fully-compliant material, which followed any prescribed motion during the morphing. Such a wing concept, which was enhanced by the SSM, required the segmentation or discretization of the wing skin in the chordwise direction. Each wing skin segment corresponded to a particular SLE and changed its position and orientation together with the movement of that SLE. Hence, each skin segment could be considered as comprised of two different portions. The hinges of SLEs were assumed to be attached to the wing skin from the rigid portion of the skin segment, whereas those rigid portions were combined together with a hyper-elastic portion. Therefore, the wing skin could be formed as a sequence of rigid and hyper-elastic portions successively.
This study only considered the development of an internal actuation mechanism. However, in order to predict the characteristic of the required surface material, displacements of the wing segments which were in between two consecutive SLEs were also considered. Figure 8a gives the first pose of the SSM with N = 6 SLEs, which stretched the wing skin or produced elongation with a magnitude of at most 3.5% when it morphed the wing profile into NACA 8412; whereas, Figure 8b gives the second pose of the SSM, which stretched the wing skin with a magnitude of at most 1.5% when it morphed the wing profile into NACA 2412. 
Aerodynamic Analysis of the Surfaces Formed by Scissor-Structural Mechanisms for the Trailing Edge of a Morphing Wing
Aerodynamic analyses were conducted for the designed SSMs with the package XFLR5, which is an analysis tool for airfoils, wings, and planes operating at low Reynolds numbers. XFLR5 includes XFOIL's direct and inverse analysis capabilities with wing design and analysis capabilities based on the lifting line theory, on the vortex lattice method, and on a three-dimensional (3D) panel method [51] . Figure 9 shows the aerodynamic behavior of the surfaces formed by the SSM with = 6 SLEs when the SSM morphed the baseline wing profile into the position of NACA 8412 and NACA 2412, respectively. It can be seen that the surfaces formed by the SSM nearly show as similar performance as the NACA airfoils. SSMs can affect the wing skin by stretching or shrinking the hyper-elastic portion of the wing skin segment. In order to avoid any slack of the hyper-elastic portion, the whole wing skin should be in tension. Moreover, due to structural concerns, such extensions should be small enough. As seen from the results, if the SSM was allowed to manipulate the chord length, the designed SSM stretched the wing skin up to 3.5%. Therefore, the slackness of the wing skin will be avoided by using SSMs within feasible limits, which is an advantageous property. Another result was that the designed SSM required a compliant material for the elastic portion of the wing skin, which provided a safe elongation up to 3.5%. Such an extension capability corresponds to materials in the literature that are good enough for aircraft wings.
Aerodynamic analyses were conducted for the designed SSMs with the package XFLR5, which is an analysis tool for airfoils, wings, and planes operating at low Reynolds numbers. XFLR5 includes XFOIL's direct and inverse analysis capabilities with wing design and analysis capabilities based on the lifting line theory, on the vortex lattice method, and on a three-dimensional (3D) panel method [51] . Figure 9 shows the aerodynamic behavior of the surfaces formed by the SSM with N = 6 SLEs when the SSM morphed the baseline wing profile into the position of NACA 8412 and NACA 2412, respectively. It can be seen that the surfaces formed by the SSM nearly show as similar performance as the NACA airfoils. 
Dynamic Force Analysis of the Scissor-Structural Mechanisms for the Trailing Edge of a Morphing Wing
Dynamic force analysis of the mechanism can be performed in two conditions, which are "in in vacuo" and "under aerodynamic loading".
First of all, one should define masses and mass centers. For that purpose, the masses of links were calculated by assuming the material of the links: aluminum with ρ Al = 2700 kg m 3 . The volumes of the links and their moment of inertias were calculated assuming that the links were those of rectangular beams with a square cross-section. Both sides of each unique element were one eighth (1/8) of the airfoil thickness. The mass centers of each element were assumed to be located at their geometric centers. By considering these parameters, the weight penalty of the mechanism brought to the wing was 138.7 g, where the weight of the aircraft is 25 (kg).
In Vacuo Condition
In Figure 10a , the magnitudes of internal forces of selected links (links of the first, the middle, and the last SLEs) of the SSM with N = 6 SLEs while it was forming the baseline airfoil into NACA 8412 are shown. In Figure 10b , the magnitude of required torque to drive the SSM with N = 6 SLEs while it was forming the baseline airfoil into NACA 8412 is shown.
It can be seen from Figure 10 that only those links that were close to the torque application carried some internal forces due to the applied torque, whereas the other links carried almost zero internal forces. The main characteristic of such a type of deployable structure is having a stress-strain free state. The computed very low internal forces and moments are important in the verification of this fact. Moreover, the required torque variation in in vacuo condition was below 0.002 (N·m), which is very low since the SSM is too light and aerodynamic loading is ignored. This torque value can be associated with the dynamic characteristics of the analysis, which can be neglected if the aerodynamic forces and moments are considered.
Under Aerodynamic Loading
The calculated pressure coefficient distribution of the surface formed by the SSM could be used to estimate the required torque to drive the SSM under aerodynamic loading. In order to convert the pressure distribution, C p , into the nodal forces on the upper and lower surface hinge locations of the SSM, the sea level properties of the air were used. The air velocity was assumed as 0.2 Mach. For the simplicity of the problem, a single C p distribution was used for all poses of the SSM.
In Figure 11 , the magnitudes of the internal forces of the selected links and the magnitude of the required torque of the SSM with N = 6 SLEs in order to morph the baseline airfoil into NACA 8412 are shown, respectively. As can be seen from Figures 10 and 11 , the aerodynamic loading increased the computed internal forces and the torque values. However, the maximum torque value still remained within the capabilities of UAV torque motors, which varied up to 0.4 (N·m) [50].
Discussion
In this study, the synthesis, analysis, and design of a special type of deployable mechanism, which is the scissor-structural mechanism (SSM), for morphing of the trailing edge of an aircraft wing is presented. The wing skin is assumed to be a hybrid one with fully-compliant and rigid segments, and in order to satisfy the mobility requirements, a four-bar linkage (FBL) is assumed to be attached to the designed SSM.
A computer-routine, which synthesizes, analyzes, and design an SSM in order to morph different NACA airfoils into different shapes is developed. A single sample SSM with six SLEs is presented. The results show that the developed mechanism satisfies both camber and decamber target profiles with mean design errors of 11% and 125%, respectively.
The profiles obtained from the proposed mechanism are modelled and analyzed aerodynamically with the XFLR5 (panel method). The obtained results are compared with NACA airfoils. The results show that surfaces formed by SSMs for each case nearly produce the same pressure distribution, lift, and drag as the target NACA airfoils.
The dynamic force analysis of the designed SSM has also been performed in order to compute the internal force values that occur in the elements of the mechanism and the required torque value that is necessary for driving the whole SSM. The computed results revealed that as the links get farther from the application point, the force that carries it progressively gets lower. That shows that the link which is farthest away carries almost zero internal force. It is also computed that the required torque value is very small in in vacuo condition. However, aerodynamic loading was found to have increased the required torque value significantly. Therefore, it is believed that the aerodynamic loading is critical for the determination of the size of the actuator and the links. Figure A2 . Flowchart of the computer routine developed, which analyzes the synthesized SSM. Figure A2 . Flowchart of the computer routine developed, which analyzes the synthesized SSM.
